The newly discovered peptides extracted from cardiac atria, atrial natriuretic factors (ANFs), when administered parenterally cause renal hemodynamic changes and natriuresis. The nephron sites and cellular mechanism accounting for profound increase in Na' excretion in response to ANFs are not yet clarified. In the present study we investigated whether synthetic ANF peptide alters the reabsorption of Na' and reabsorption of solutes cotransported with Na' in the proximal tubules of rats.
Introduction
Recently, a family of polypeptides extracted from cardiac atrial tissue, designated as cardiopeptins or atrial natriuretic factor (ANF),' has been identified and subsequently chemically synthesized (1-4). The major known renal effects of these ANF peptides are natriuresis and changes in renal hemodynamics (2, 3). The natriuresis cannot be fully accounted for by changes in renal hemodynamics and/or physical factors governing in part tubular reabsorption of Na+ (4) , suggesting that ANF may inhibit directly the tubular transport of Na+. Unlike another recently described natriuretic factor (4) , ANF has no effect on the activity of (Na+-K+)-ATPase (4) (5) (6) or Na+ transport in amphibian epithelia (5, 6) .
Another partially related problem, is the question whether ANF inhibits tubular Na+ reabsorption in the proximal or in the distal segments of the mammalian nephron. Although the bulk of the filtered Na+ is reabsorbed in proximal tubules, a few initial studies seem to locate ANF inhibition of Na+ reabsorption mainly in distal tubule segments (7, 8) .
To address the question of whether or not ANF decreases tubular epithelial transport, namely in the proximal tubule, we studied the renal effects of infused synthetic rat ANF2 peptide (9, 10) .
The design of our study is based on the following premises. The filtered phosphate (Pi) is reabsorbed in proximal tubules via cotransport with Na+ (1 1, 12) , including secondary active Na+-dependent uptake of Pi across the luminal brush border membrane (BBM) (13, 14) .
Na+ is reabsorbed across the epithelium of the proximal tubule through several pathways (15) . One of these important pathways for Na+ reabsorption in the proximal tubule is a Na+ cotransport with the bicarbonate anion (HCO3) (15, 16) . In this transport system, electroneutral Na+-H+ antiport at the luminal BBM of proximal tubule (17) is the initial step in 1. Abbreviations used in this paper: ANF, atrial natriuretic factor; AO, acridine orange; BBM, brush border membrane; BBMV, brush border membrane vesicle; BP, blood pressure; FE, fractional excretion; GFR, glomerular filtration rate; P, plasma; PTH, parathyroid hormone; TPTX, thyroparathyroidectomy.
2. The atrial natriuretic factor used in this study is a synthetic polypeptide, which corresponds to the C-terminal polypeptide chain of 26 amino acid residues derived from the larger 73-amino acid precursor form of ANF (9) , with sequence Arg-Arg-Ser-Ser-Cys-Phe-Na+-linked reabsorption of HCO3 and proximal tubular acidification (15, 16) .
Therefore, if ANF inhibits Na' reabsorption in proximal tubules, we can expect that Na'-Pi synport and Na'-H' antiport across BBMs to be inhibited with a concomitant phosphaturia and bicarbonaturia. With these considerations in mind, we studied the effects of the synthetic ANF (referred to as "ANF peptide" throughout the following text) on fractional excretion (FE) of Na', Pi, HCO3 , and other electrolytes, as well as transport properties of the BBM vesicles (BBMVs) isolated from kidneys of the same animals.
Methods
Animals. Wistar rats of either sex weighing 200-225 g were fed standard rat diet containing 0.61% phosphorus (Ralston-Purina, Richmond, IN) ad libitum, with free access to water.
General experimental design. The studies were designed to minimize variability and to allow paired comparisons (18) (19) (20) . To this end, animals that received infusion of ANF peptide and control animals that received vehicle were taken into the experiment on the same day, using the same set of solutions, biochemicals, and the same timing. Moreover, at the end of the clearance procedure, the BBMVs were prepared from kidneys of rats infused with ANF and from the controls at the same time, and transport measurements were also conducted simultaneously using the same radiochemicals, biochemicals, and standards. Therefore, glomerular filtration rate (GFR) and FE of electrolytes and subsequent transport studies on isolated BBMVs were determined simultaneously in two groups of rats.
Clearance experiments. On the day of the experiment the rats were anesthetized with Inactin (100 mg/kg) and prepared for clearance experiments. The animals were placed on a heated table, and body temperature was monitored with a rectal probe. A catheter was inserted into the carotid artery, and a basal blood sample was drawn. Acute thyroparathyroidectomy (TPTX) was performed by surgical removal of the glands and heat cautery. Adequacy of TPTX was confirmed in each group of rats by a fall in plasma calcium (ANF group: mean±SEM, 2.50±0.04 mM before and 2.35±0.06 mM after TPTX, n = 7, P < 0.05; control group: 2.40±0.05 mM before and 2.34±0.04 mM after TPTX, n = 8, P < 0.05). A tracheostomy was performed, and the animals were allowed to breathe spontaneously. A catheter was inserted into a jugular vein for infusion of 2% inulin in normal saline at 3.5 ml/h. Urinary losses were replaced through a second jugular catheter. A bladder catheter was inserted. After TPTX a 2-h recovery period was allowed for attainment of a steady state. In the first group ("ANF group"), a control clearance was performed before intravenous infusion at 4.0 Mg/kg per h of ANF (Merck, Sharp & Dohme, Rahway, NJ).
After 20 min to obtain equilibrium of infused ANF, an experimental clearance was performed. In preliminary experiments, we found 4.0 Mug/kg per h to be a maximally natriuretic nonhypotensive dose of ANF in the rat.
The second group shared the identical protocol except vehicle only-without ANF-was infused. Immediately after completion of the clearance studies, the kidneys were removed and decapsulated, and the cortex was rapidly dissected out and placed immediately in icecold solution (154 mM NaCi, 1 mM Tris-Hepes, pH 7.5) for preparation of a BBMV fraction (21) .
BBMV transport studies. BBM fractions were prepared from homogenized renal cortical tissue by the slightly modified calcium precipitation procedure (2) described in full in our previous studies on rats (18) (19) (20) 22 ). The BBMVs were washed with 300 mM mannitol, S mM Tris-Hepes (pH 8.5), and were used immediately for solute uptake studies, for measurement of Na'-H' exchange, or for testing of H' efflux. All (18) (19) (20) 22 ) and L-[3Hlproline (19, 22) by isolated BBMVs was measured by the Millipore filtration technique (18) (19) (20) 22 (20, 22) except that the incubation medium contained 100 mM mannitol, 100 mM NaCl, 5 mM Tris-Hepes (pH 8.5), and 22NaCl (-4 X 105 cpm/tube), and the uptake was terminated by the rapid addition of an ice-cold solution of 150 mM MgSO4, buffered with 5 mM Tris-Hepes to pH 8.5, as in our previous study (22) .
The rate of Na'-H' exchange was determined by using a rapid filtration technique (23, 24) , basically as described by Frieberg et al. (19) , except that we employed BBMVs prepared by the calcium precipitation method, and that the pH of the intravesicular medium was pH 6.0 instead of 5.5. In the experiments when Na+-H+ exchange across the BBM was measured, BBMVs were prepared as in other solute uptake studies (18) (19) (20) , but were preloaded (13) (12) (13) (14) (15) . Because the Na+-H+ antiport in the renal BBM is specifically blocked by amiloride (17) , the 22Na' uptake at pH gradient condition (pHi < pHO) was always measured simultaneously with and without addition of I mM amiloride, the maximum inhibitory concentration of the compound (17) . The amiloride-sensitive component of Na+-H+ exchange (-50%) was less than that reported in studies on rabbit (17, 25) and comparable to results of canine (26) BBMVs prepared by the Mg2e precipitation procedure.
This feature may be due to higher H+ conductance of rat BBMVs prepared by the Ca2+ precipitation method (26) .
The rate of H+ efflux from BBMV was determined by using a method described by others (18, 20, 25, 26) , which employs the quenching of acridine orange fluorescence as an indicator of the transmembrane proton gradient. Fluorescence was continuously monitored by using an AMINCO-Bowman spectrophotofluorometer (American Instrument Co., Silver Spring, MD) (excitation wavelength 493 nm, emission 530 nm) connected with a chart recorder. BBMVs were prepared at pH 6.0 as described above for Na+-H+ exchange measurements. The assay medium consisted of 6 MM acridine orange (AO) 150 mM KCI, 10 mM Tris-Hepes, pH 7.5. An aliquot (20 Ml) of BBMVs (-150 Mg of protein) equilibrated at pH 6.0 to the medium (final volume 2 ml) resulted in rapid quenching (about -40%) of the AO fluorescence, which was followed by a slow increase in the fluorescence intensity as the imposed pH gradient dissipated. The addition of BBMVs equilibrated at pH 7.5 (Ht = Hj+) did not result in fluorescence quenching or in any time-dependent changes in fluorescence intensity. The rate of H+ efflux was expressed in relative units (18) . The quenching of AO fluorescence after addition of BBMVs was taken as 100%. The rate of reappearance of the AO fluorescence was expressed as the relative (percent) rate of increase, for 15-and 30-s intervals (see Table VI ).
In BBM transport studies (22-24, 27, 28 The rates of uptake of 22Na' and other solutes, as well as the Na'-H+ exchange are expressed in picomoles per milligram of BBMV protein per given time interval. In addition, the concentrative "uphill" Na' gradient-dependent uptake was also expressed in relative terms as a A% ratio of solute uptake at the uphill phase to equilibrium phase (14, (21) (22) (23) . In each BBM preparation, the uptake of solutes was measured in triplicate at each time period and the mean±SE was entered as n = 1. Uptake by BBMVs from each of the control and ANF groups was always compared on the same day to avoid interassay variations. Protein was determined by the method of Lowry et al. (30) after solubilization of the samples in 1% sodium dodecyl sulfate, as in our previous studies (21) (22) (23) 29 ).
Other analytic methods. Activities of BBM enzymes, i.e., alkaline phosphatase and leucine aminopeptidase, were assayed using methods previously employed and described in studies from this laboratory (28, 29 
Results
In the first series of experiments, we centered on the study of renal handling of Pi and BBM transport of Pi. ANF-infused rats were compared with controls (Table II, Fig.  1 ), and also, the uptake at 120 min was identical (Table II) (Table I) , the infusion of ANF was associated with significant increases in FENa, FEp;, and GFR. The FEHCO3 was markedly increased after ANF infusion (second period) both when compared with the first control period in the same animals, or when compared with the control group receiving vehicle only in the second period (Table IV) . Again, as in previous experiments, the FE of Ca2" and K+, BP, and Pp; and PHCO3 did not change when ANF was infused (Table  IV) . Likewise, the pH and PCO2 did not change in response to ANF (data not shown). In the control group (Table IV) , there was no change in GFR, FE of any electrolytes, BP, or Pp;. Table V summarizes the effects of ANF infusion on the rate of Na+-H+ exchange across BBMVs in the presence of a proton gradient. The total 22Na' uptake rate (15 s) in the presence of H+ gradient (H1+ > HW) was significantly lower (-17%) in BBMVs for ANF-infused rats. The difference between BBMVs from control and ANF-infused rats was even more pronounced (-41%) in the amiloride-sensitive component of Na+-H+ exchange across BBM (Table V) . After equilibration (120 min) the 22Na' uptake did not differ between control and ANF-infused rats (Table V) . The Na'-H' antiport at the BBM, a major component of HCO3-linked proximal tubular Na' reabsorption (11, (15) (16) (17) 36) , was markedly blunted by ANF-peptide infusion (Table  V) . This decreased capacity of the Na'-H' exchange mechanism in the BBM may be the basis of diminished Na+-linked HCO3 reabsorption in proximal tubules, which in turn increases FEHCo3 (Table IV) (15, 16, 36, 37 (25, 26) . Besides luminal entry across BBM, another major component operative in transepithelial Na' reabsorption and in Na'-linked transport systems in proximal tubules is the activity of (Na+-K+)-ATPase at basolateral membranes, an active Na+ pump that continuously maintains low intracellular Na' and lumen-to-cell Na' gradient (11) (12) (13) (14) (15) . Studies reported by other investigators show that ANF does not influence (Na'-K+)-ATPase activity (4) (5) (6) .
Taken together, the observations that the rate of Na+-H+ antiport and Na+-Pi synport of IBM was diminished (Fig. 1) indicate that ANF-peptide inhibited at least in part the Na+ reabsorption and reabsorption of solutes cotransported with Na+ in proximal tubules (19, 20, (38) (39) (40) . It remains to be further explored whether or not the changes in BBM transport consequent to ANF infusion are the only and/or the primary basis of altered urinary electrolyte excretion.
Major qualifications and potential limitations in the interpretation of the present observations should be briefly mentioned. First, the ANF peptide was infused in vivo, and it is not possible at the present time to conclude whether the changes in renal function (AFE) and the BBM effects were due to the direct action of this peptide on the proximal tubular cells or whether ANF acts through some indirect mechanism. In that ANF does not inhibit transport by direct addition in vitro, it is unlikely to interact with BBM transporters directly and requires the whole cell for its action. Conceivably, the ANF peptide can also be biotransformed in vivo to the substance, e.g., the proteolytic peptide fragment, that may be the compound directly interacting with proximal tubules. Also, ANF administration may affect release of endogenous factors that could influence the renal response, such as aldosterone (41) . PTH, calcitonin, and glucagon can be excluded based on the experimental design-TPTX rats and findings of the lack of changes in the glucose level. Moreover, the possibility that ANF would act on tubular receptors for PTH or calcitonin or glucagon is unlikely, because the ANF-peptide does not share an homologous amino acid sequence with any other known biologically active peptide (42). The time course and reversibility of the infused ANF peptide on BBM transport systems remain to be explored. Second, the substantial increases in GFR (Tables I and IV ) may contribute to the increases in FE of electrolytes. It is highly unlikely that the entire effect is due to hemodynamic changes, as indicated by recent study on anesthetized dogs (43) .
It is a most plausible explanation that the diminished luminal entry of Pi with Na' and in exchanges with H' account for the lower rate of proximal tubule reabsorption of these solutes. In summary, the present observations indicate that ANF peptide (and possibly other derivatives of this peptide hormone family) cause phosphaturia and bicarbonaturia, and inhibit the Na+-linked transport process in the proximal segments of the tubules. Therefore, the effect of ANF on proximal tubular transport of solutes constitutes another component of renal actions (1, 4) of this intriguing, newly found regulatory substanqe.
